Background Ventricular hypertrophy begins as a physiological adaptation to cardiac overload but progresses to a pathological state. We examined whether the extent of hypertrophy influenced the response to exercise in terms of its effects on regional and global ventricular function and transmural myocardial blood flow distribution.
Background Ventricular hypertrophy begins as a physiological adaptation to cardiac overload but progresses to a pathological state. We examined whether the extent of hypertrophy influenced the response to exercise in terms of its effects on regional and global ventricular function and transmural myocardial blood flow distribution.
Methods and Results Left ventricular (LV) hypertrophy was induced by aortic banding in puppies. The effects of treadmill exercise were compared in sham-operated control dogs (n=7) and in dogs with moderate LV hypertrophy (47% increase in LV wt/body wt, n=7) with normal baseline levels of LV systolic and diastolic wall stress and dogs with severe LV hypertrophy (85% increase in LV wt/body wt, n=18), which exhibited elevated levels of LV systolic wall stress at baseline. The dogs with severe LV hypertrophy were further subdivided into those with either elevated or normal baseline levels of LV end-diastolic pressure and wall stress. The response to exercise in dogs with moderate LV hypertrophy was directionally similar to that of sham-operated control dogs for systemic hemodynamics and global and regional LV function, ie, full and subendocardial wall thickening rose, as did mean and diastolic arterial pressures, shortening fraction, and Vcf. The endocardial/epicardial blood flow ratio did not fall during exercise in these two groups. However, relations comparing either LV shortening, Vcf, or wall thickening with LV systolic wall stress during exercise demonstrated depressed myocardial function in the dogs with moderate LV hypertrophy. In contrast, in dogs with severe LV hypertrophy, exercise reduced LV shortening fraction, Vcf, mean and diastolic arterial pressures, and full and subendocardial wall thickening, and the endocardial/epicardial blood flow ratio fell to 0.73±0.07. There were no differences observed between the two subgroups with severe LV hypertrophy, but the global and regional wall function responses to exercise were more severely impaired than those in dogs with moderate LV hypertrophy.
Conclusions Responses of global and regional LV function and transmural myocardial blood flow distribution to exercise were clearly abnormal in dogs with severe LV hypertrophy with elevated baseline levels of LV systolic wall stress whether or not baseline levels of LV end-diastolic wall stress were elevated. Thus, it required more severe LV hypertrophy as well as elevated levels of LV wall stress to elicit qualitatively abnormal regional and global hemodynamic responses to exercise. However, even with moderate LV hypertrophy, which was well compensated under baseline conditions, qualitatively impaired contraction-afterload relations were observed during the stress of exercise. (Circulation. 1994;89:2219-2231.)
Key Words * myocardial blood flow * wall thickness . hypertrophy * exercise * myocardial function V entricular hypertrophy is a physiological adaptation by which the heart compensates for an increased workload. At some point this process becomes pathological, as noted by epidemiological studies, which have shown that left ventricular (LV) hypertrophy is a major risk factor for cardiovascular morbidity and mortality.1'2 An important problem is to determine when LV hypertrophy ceases to be physiological and begins to be pathological.3'4 Numerous studies have suggested that chronic pressure overload results in physiological LV hypertrophy, which normalizes wall stress and maintains baseline myocardial performance and function5-10 without major changes in baseline levels of myocardial perfusion across the LV wall. [11] [12] [13] [14] [15] [16] [17] [18] [19] This important concept remains controversial, since several other studies suggest that the function of the hypertrophied heart is abnormal. [20] [21] [22] The hypothesis tested in this investigation is that while baseline global and regional LV performance is preserved in the hypertrophied heart, impaired function is manifest upon stress, such as occurs with exercise. With the stress of exercise, it has already been shown that subendocardial hypoperfusion and subendocardial mechanical dysfunction occur in the severely hypertrophied heart.14'15'17'8 These prior studies demonstrating profound abnormalities during exercise were characterized by severe LV hypertrophy, ie, left ventricle/body weight ratio increased more than 70%. It is conceivable that these abnormalities were due to the severity of hypertrophy, since more modest levels of hypertrophy were not studied. were included in a prior study.'7 Autopsy data revealed that the dogs that did not demonstrate reduced subendocardial wall thickening during exercise were characterized by moderate LV hypertrophy, in contrast to the dogs that did demonstrate reduced subendocardial wall motion during exercise, which were characterized by more severe LV hypertrophy. Accordingly, we subdivided the dogs into four groups: three subgroups with LV hypertrophy were compared with a subgroup of seven sham-operated control dogs. One of the subgroups of LV hypertrophy was composed of the seven dogs that did not demonstrate reduced subendocardial wall motion with exercise and exhibited moderate LV hypertrophy (group I LV hypertrophy). These dogs had normal levels of LV systolic wall stress at baseline. The remaining 18 dogs exhibited reduced subendocardial wall motion during exercise and had severe LV hypertrophy as well as elevated levels of LV systolic wall stress at baseline and were further subdivided into those with normal LV end-diastolic pressure (stress) (n=8; group IIA LV hypertrophy) and elevated LV end-diastolic pressure (stress) (n=10; group IIB LV hypertrophy). 
Development of the Model

Blood Flow Measurement
Regional myocardial blood flow was measured with radioactive-labeled microspheres (15+2 ,um in diameter, New England Nuclear) in the 7 sham-operated controls and in 22 dogs with LV hypertrophy. In two dogs with severe LV hypertrophy, microspheres were not given because of improper function of the left atrial catheter. One LV hypertrophy dog developed a systemic infection after the initial exercise protocol and did not recover sufficiently for study in the second protocol with radioactive microspheres. The radioactive label of the microspheres (14Ce, "3Sn, 14In, 51Cr,`03Ru, 95Nb, 8nSr, or 46Sc) was chosen randomly. The microspheres were suspended in 0.01% Tween 80 solution (10% dextran) agitated by direct application of the microspheres and placed in an ultrasonic bath for at least 30 minutes before injection. Before injection of microspheres, 1 mL Tween 80 dextran solution (without microspheres) was injected to determine if the diluent for the microsphere suspension would have an adverse effect on measurement of cardiac or systemic hemodynamics. One to two million microspheres suspended in 10% dextran were injected through the catheter implanted in the left atrium for determination of blood flow. A reference sample of arterial blood was withdrawn (7.75 mL/min) from the catheter in the descending aorta. Reference sample withdrawal was initiated 15 seconds before microsphere injection and continued for approximately 105 seconds after the injection (total withdrawal time was 120 seconds).
After conclusion of the experiments, the dogs were given a lethal dose of sodium pentobarbital (50 mg/kg). The atria and the right ventricular free wall were removed and weighed. Samples of myocardial tissue from the right ventricular free wall were separated into subendocardial and subepicardial layers; tissue samples from the LV free wall, septum, and anterior and posterior papillary muscles were subdivided into four equal transmural layers from epicardium to endocardium, weighed, and placed in a gamma counter (Canberra Industries) with appropriately selected energy windows. The raw counts were corrected for background and crossover and compared with the reference blood sample to obtain flow expressed in milliliters per minute per gram of tissue. The blood flow data from the four LV areas were averaged to yield one number for LV blood flow. Endocardial/epicardial blood flow ratios were obtained by dividing blood flow in the subendocardial layer by that in the subepicardial layer.
Experimental Protocol
All experiments were conducted in conscious, unsedated dogs. The dogs were fitted with a harness attached to a crossbar above the treadmill, through which catheters and dimension crystal wires were connected to transducers, which were positioned outside the treadmill at the level of the left atrium. Baseline hemodynamic measurements were made at Circulation Vol 89, No 5 May 1994 rest in the upright position on the treadmill. The dogs then underwent a continuous, graded exercise protocol. There were seven stages (4.8 km/h, 0% grade; 6.4 
Statistical Analysis
The data were analyzed using an IBM computer and are reported as mean±SEM. The groups were determined as already described. The statistical comparisons were planned before examining the data. The statistical significance among the groups at each response was determined by one-way ANOVA with differentiation among the groups tested for significance using Fisher's least significant difference. Changes from baseline to maximal exercise were compared using a paired Student's t test. Regression slopes were compared using ANCOVA. (See References 28 and 29.)
Results
Regional Wall Motion
In sham-operated control dogs, exercise increased full wall thickening as well as subendocardial and subepicardial wall thickening, which rapidly returned to control during recovery. In the group I dogs with moderate LV hypertrophy, exercise induced a qualitatively similar pattern. The major difference between sham-operated control dogs and group I moderate LV hypertrophy on the one hand and group II severe LV hypertrophy on the other was the significant reduction in subendocardial wall thickening during exercise in group II, which remained depressed during the recovery period (Fig 2) . This was the criterion used for catego- rizing the dogs. In this latter group (group II), a decrease in full wall thickening but not in subepicardial wall thickening was also observed during exercise. There were no significant differences between the decreases in subendocardial and full wall thicknesses during exercise in groups IIA and IIB severe LV hypertrophy (Table 1) . When responses of regional wall thickening were plotted against increases in LV systolic wall stress during exercise, quantitative differences emerged. The slope of the dynamic relation for subendocardial wall thickness in dogs with group I moderate LV hypertrophy (+4.4x10-3) was significantly depressed (P<.05) compared with sham-operated (+14x10-3) controls (Fig 3) , although the r values for these relations were similar (.99 versus .95). The slopes of these relations in dogs with severe LV hypertrophy, group IIA (-3.5x10-) and group IIB (-4.4x10-3), were similar and were both depressed (P<.05) compared with dogs with moderate LV hypertrophy (Fig 3) . Similar qualitative and quantitative differences were observed for the relations between full wall thickening and LV systolic wall stress with exercise.
Pathology
Compared with the sham-operated control dogs, the LV weight to body weight ratio (LV/BW) was increased by 47% (P<.05) in the group I dogs, which did not (Fig 4, right) . Baseline LV end-diastolic wall stress was only elevated in group IIB severe LV hypertrophy (33±3 g/cm2). However, with exercise, LV end-diastolic stress rose in both severe groups to similar levels (70±14 g/cm' in group IIA versus 80±9 g/cm2 in group IIB severe LV hypertrophy), whereas group I moderate LV hypertrophy exhibited comparable peak LV end-diastolic stress levels (35±4 g/cm2) as the normal group (28±4 g/cm2) (Fig 4, left) Table 5 .)
The dynamic relations between LV shortening fraction and LV systolic wall stress were also examined. The slope of the relation was significantly depressed (P<.05) in group I moderate LV hypertrophy dogs (3.7x 10-2) compared with sham-operated controls (11.7x 10-2) (Fig 5) , whereas the r values were similar (.97 versus .99). The slopes of these relations were similar in group IIA (-1.3x 10-2) and IIB (-2.0x 10-2) dogs with severe LV hypertrophy. Both 
Myocardlal Blood Flow
Baseline myocardial blood flows were similar among the different groups (Fig 6) . At peak exercise in dogs with severe LV hypertrophy (both groups IIA and IIB severe LV hypertrophy), subendocardial blood flow did not increase as much as the sham-operated control and group I moderate LV hypertrophy animals (Fig 6) , resulting in a significantly depressed (P<.05) endocardial/epicardial blood flow ratio during exercise in group IIA (0.68±0.11) and group IIB (0.81±0.07) compared with sham-operated control dogs (1.18± 0.07) and group I moderate LV hypertrophy (1.18± 0.13) (Fig 7) . Abnor- malities in subendocardial perfusion were not observed in the nonhypertrophied right ventricle (Fig 7) .
There was a modest correlation between the extent of LV hypertrophy (Fig 8) and the endocardial/epicardial blood flow ratio at baseline (r=.56), which improved (P<.01) in response to exercise (r=.65).
Predictors of Abnormal Endocardial Wall Thickening During Exercise
The baseline, preexercise parameters were examined (LV/BW, heart rate, mean arterial pressure, LV end-diastolic and systolic wall stresses, endocardial/epicardial blood flow ratio) and found to be poor predictors of the abnormal subendocardial wall thickening responses during exercise. (See Figs 9 and 10 .) The best baseline, preexercise predictors of the abnormal subendocardial wall thickening response during exercise were LV systolic wall stress (r=.65) and LV/BW (r=.66). These predictors, when combined, demonstrated an improved relation (r=.73). As noted in Fig 10, there is also a good correlation between LV systolic wall stress and LV hypertrophy, as reflected by LV/body weight ratio, which improved (P<.O1) from baseline (r=.51) to exercise (r=.76).
Discussion
There is considerable controversy as to whether the function of the hypertrophied heart is preserved. Many prior studies of LV hypertrophy have indicated that the process of hypertrophy is physiological in that it acts to normalize wall stress and maintain LV function.5-10 In contrast, some reports have suggested the process is pathological in that the hypertrophied heart exhibits depressed function.20-22 Importantly, most of these prior observations are based on assessments made at rest. It is conceivable that even the well-compensated hypertrophied heart under baseline conditions may not function appropriately during stress, such as occurs with exercise. One of the primary goals of the current investigation was to address this question. The present investigation demonstrated that responses to exercise differed in dogs with pressure-overload LV hypertrophy induced by aortic banding despite the fact that the level of exercise attained and increases in heart rate and peak LV dP/dt, ie, other indicators of the severity of exercise, were similar. The most striking difference was whether or not subendocardial wall thickening fell during exercise in dogs with LV hypertrophy. This measurement was used to categorize dogs with LV to correlate with the amount of LV hypertrophy (Fig 9) , ie, subendocardial wall thickening fell in dogs with severe LV hypertrophy and rose in dogs with moderate LV hypertrophy. There were several other differences between the subgroup that did not show a decrease in subendocardial wall thickening during exercise and the other dogs demonstrating this finding. These differences included (1) the extent of hypertrophy (Fig 9) , (2) the magnitude of the LV/aortic pressure gradient (Fig 10) , (3) transmural blood flow (Fig 8) , and (4) LV systolic and diastolic wall stresses (Fig 9) . Although LV hypertrophy can become extremely severe in clinical disease states, most experimental studies have examined models with less than a 50% increase in LV/body weight. Banding the aorta in puppies generally induces more severe LV hypertrophy, ie, greater than 60% increases in LV/body weight.10,11 '13-19 Interestingly, the group of dogs with aortic banding that did not demonstrate reduced subendocardial wall thickening during exercise exhibited only moderate LV hypertrophy, ie, an increase in LV/BW of 47%. Although it is likely that the reduced amount of hypertrophy simply was due to a reduced LV/aortic gradient, this was not necessarily predictable, in view of reports suggesting that hypertrophy can be induced by hormonal factors30-33 as well as mechanical factors. However, when LV/aortic gradients were analyzed (Fig 10) , there was also a clear separation of data at baseline similar to that observed when groupings were based on the extent of hypertrophy ( Table 2 versus Table 3 ).
In dogs with severe LV hypertrophy, baseline LV systolic wall stress was increased and shortening fraction was reduced. It can be argued whether the dogs with severe LV hypertrophy were fully compensated. It is generally thought that LV systolic stress is normal in compensated LV hypertrophy.5-10 Using this criterion, the dogs with severe LV hypertrophy were not fully compensated. The reduced shortening fraction at baseline could, therefore, be secondary to the increased afterload as opposed to myocardial contractile dysfunction.624 It should also be noted that these dogs were able to sustain a full exercise regimen, which has not been observed in dogs with pressure-overload hypertrophy with heart failure (unpublished observations and Reference 19). Thus, the dogs with severe hypertrophy (groups IIA and IIB) probably represent a transition between fully compensated and decompensated LV hypertrophy.
In both groups with severe LV hypertrophy, there was clear evidence of regional and global LV dysfunction in response to exercise. Both subendocardial and full wall thickening fell in response to exercise, as reported previously.17'18 New analyses not included in prior publications indicated that impaired global LV function was also observed during exercise, ie, the slope of the dynamic relations between LV systolic wall stress and either LV shortening fraction or Vcf were significantly depressed in comparison with either sham-operated controls or dogs with group I moderate LV hypertrophy (Fig 5) . Interestingly, these relations, although positive, were also significantly depressed in the dogs with moderate LV hypertrophy compared with sham-operated controls (Fig 5) . The It is important to note that in contrast to traditional static shortening-afterload relations used to assess LV performance, we used a dynamic assessment of the relation between contraction and afterload at baseline and during exercise to establish the level of ventricular performance in each group. Under such circumstances, in normal hearts, LV shortening fraction and wall thickening actually increase as wall stress rises because of the increase in contractility. Notably, the relative changes in heart rate and preload, as assessed by LV end-diastolic diameter, were comparable among the different groups studied. Thus, the fact that for any given LV systolic wall stress, LV shortening fraction and regional wall thickening increased to a lesser extent in group I moderate LV hypertrophy compared with shamoperated controls and that LV shortening fraction and regional wall thickening actually decreased during exercise in both group IIA and group IIB severe LV hypertrophy provides a quantitative description of ventricular performance during the dynamics of exercise. Furthermore, despite all indications that group I with moderate LV hypertrophy was fully compensated at baseline, significant limitations in ventricular performance were manifest during exercise, as evidenced by the depressed LV shortening fraction or regional wall thickening versus afterload relation.
In contrast, assessment of peak LV dP/dt during exercise failed to dissociate the different groups. This probably is due to the vastly different peak developed pressures during exercise and the insensitivity of this index to these changes. Furthermore, the imposition of the aortic band of graded severity dramatically alters the timing of isovolumic contraction between groups, making this a less reliable index of ventricular performance during dynamic circumstances such as exercise. With this in mind, we used the peak LV dP/dt measurement as an index of exercise severity but not LV performance. We used the dynamic contraction-afterload relation to assess the latter.
In prior studies using the model of aortic bandinginduced LV hypertrophy, an association was made between the level of LV end-diastolic pressure and stress at baseline and the presence of heart failure. '7,2324 Using the large data pool of 18 dogs with severe LV hypertrophy, even though signs and symptoms of heart failure were absent, LV end-diastolic pressure and wall stress were modestly but significantly elevated. Therefore, it was considered that the baseline level of LV end-diastolic pressure and wall stress might presage abnormal responses to exercise or predict the level of hypertrophy. Accordingly, the entire group of severe LV hypertrophy was subdivided into two subgroups (group IIA, normal LV end-diastolic pressure; group IIB, elevated LV end-diastolic pressure). Interestingly, these differences in baseline LV end-diastolic pressure and wall stress were not associated with differences in the amount of LV hypertrophy, the duration of aortic banding, the amount of subendocardial dysfunction during exercise, the alteration in global LV function (shortening fraction and Vcf), or transmural distribution of blood flow during exercise. The effects during exercise probably were not different in the two groups because peak exercise levels of LV systolic and diastolic wall stresses did not differ in the two subgroups despite the differences in LV end-diastolic wall stress at baseline (Fig  4) . Thus, peak levels of LV systolic and diastolic wall stress during exercise are more important determinants of regional and global myocardial function during exercise, potentially in part because of their effects in regulating subendocardial perfusion.
Few studies have examined whether the extent of LV hypertrophy affects the regulation of myocardial blood flow or function at baseline or during periods of stress.34,35 Einzig et al,34 using an anesthetized preparation, found a good correlation between the amount of hypertrophy and the baseline endocardial/epicardial ratio and concluded that as LV mass increased, the endocardial/epicardial ratio decreased. In the present investigation, a modest correlation was observed between the extent of hypertrophy and the baseline endocardial/epicardial blood flow ratio (Fig  8) . Rembert and Greenfield3S were unable to demonstrate any abnormality in myocardial blood flow during tachycardia in dogs with mild, moderate, or severe LV hypertrophy followed up to 4 years. This contrasts sharply with other reports with pacing13 and with our data at baseline and during exercise, particularly with more severe hypertrophy, where endocardial/epicardial flow ratios fell below unity during the stress of exercise (Figs 7 and 8) .
Interestingly, abnormal transmural blood flow distribution, ie, a decreased endocardial/epicardial blood flow ratio, was not observed in the majority of dogs with moderate LV hypertrophy, indicating that this abnormal finding is characteristic of more severe levels of LV hypertrophy and potentially to alterations in perfusion pressure. In this connection, the reduced subendocardial blood flow may be due to reduced perfusion pressure during exercise.15 In fact, we did observe a decrease in diastolic arterial pressure during exercise in the dogs with severe LV hypertrophy (Table 3) . That in combination with reduced coronary reserve and the elevated levels of LV systolic and diastolic wall stresses noted earlier probably resulted in the abnormal endocardial/epicardial ratio during exercise. Since only one model of LV hypertrophy was studied, we could not discern whether the mechanism of reduced perfusion pressure was only critical in this model or applied to other situations of severe LV hypertrophy and limited coronary reserve, where there is no gradient across the aortic valve.
Therefore, it is possible to conclude that dogs with severe LV hypertrophy represent one point on the graded progression from compensated LV hypertrophy to decompensation and heart failure. The abnormal wall motion during exercise as well as reduced subendocardial blood flow reserve and augmented levels of LV systolic wall stress, at baseline or during exercise, and elevated levels of LV end-diastolic pressure and stress during exercise may be prognosticators of marginally compensated LV hypertrophy (Figs 8 through 10) . It was observed that LV systolic wall stress correlated well with the amount of LV hypertrophy and, in turn, that both of these measurements correlated well with abnormal subendocardial wall motion and endocardial/ epicardial blood flow ratios during exercise. Therefore, the results of this study could not distinguish whether the extent of LV hypertrophy or LV systolic wall stress was responsible for the abnormal wall motion during exercise. However, it is interesting to note that under baseline conditions the moderate LV hypertrophy group exhibited normal LV systolic wall stress and function, but during exercise the augmented LV systolic wall stress was associated with depressed contractionafterload relations. Having noted this, it still requires both elevated LV systolic wall stress and more severe LV hypertrophy to elicit the qualitatively abnormal subendocardial function and perfusion responses to exercise.
The beneficial and deleterious aspects of compensatory cardiac hypertrophy have been described previously. 36 The current observations on the pathological aspects of the response of the hypertrophied heart to exercise tend to minimize the beneficial aspects of hypertrophy as a compensatory mechanism. However, had LV hypertrophy not developed, decompensation at baseline and in response to exercise probably would have occurred even earlier. However, because of the beneficial aspects of hypertrophy, LV function at baseline tended to be preserved; the stress of exercise was required to elicit clearly abnormal contraction-afterload relations.
In summary, the results from the present investigation demonstrate markedly abnormal responses to exercise in dogs with severe LV hypertrophy with elevated LV systolic wall stress, whether or not baseline LV end-diastolic wall stress is elevated. These responses to exercise were significantly impaired when compared with those in dogs with well-compensated moderate LV hypertrophy, ie, with normal baseline levels of LV systolic and diastolic wall stresses. Interestingly, in turn, responses to exercise in dogs with moderate LV hypertrophy, although not qualitatively abnormal, were quantitatively abnormal, ie, slopes of the relation comparing LV shortening fraction, Vcf, or endocardial or full wall thickening with LV systolic wall stress were significantly depressed during exercise in dogs with moderate LV hypertrophy compared with those in sham-operated controls. This was observed despite no abnormality in endocardial/epicardial blood flow ratio, ie, absence of depressed subendocardial coronary reserve and maintenance of diastolic arterial perfusion pressures. Thus, even the well-compensated, moderately hypertrophied heart, while functioning normally at baseline, demonstrates impaired contraction-afterload relations with the stress of exercise.
